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Dopamine is crucial for habit learning. Activities of
midbrain dopaminergic neurons are regulated by
the cortical and subcortical signals amongwhich glu-
tamatergic afferents provide excitatory inputs.
Cognitive implications of glutamatergic afferents in
regulating and engaging dopamine signals during
habit learning, however, remain unclear. Here, we
show that mice with dopaminergic neuron-specific
NMDAR1 deletion are impaired in a variety of
habit-learning tasks, while normal in some other
dopamine-modulated functions such as locomotor
activities, goal-directed learning, and spatial refer-
ence memories. In vivo neural recording revealed
that dopaminergic neurons in these mutant mice
could still develop the cue-reward association res-
ponses; however, their conditioned response robust-
nesswasdrastically blunted. Our results suggest that
integration of glutamatergic inputs to DA neurons by
NMDA receptors, likely by regulating associative
activity patterns, is a crucial part of the cellular mech-
anism underpinning habit learning.
INTRODUCTION
Many acts, after repetitive practice, would transform from being
goal-directed to automated habits, which can be carried out effi-
ciently and subconsciously. Habits help to free up the cognitive
loads on routine procedures and allow us to focus on new situa-
tions and tasks. Despite breakthroughs unveiling participation of
different anatomical structures in habit formation (Knowlton
et al., 1996; Yin and Knowlton, 2006), the underpinning physio-
logical mechanisms and how different network circuitries inte-
grate relevant information remain unclear.
Dopamine (DA) is an important regulator of synaptic plasticity,
especially in the basal ganglia, a structure essential for habit
learning. In both human patients (Fama et al., 2000; Knowlton
et al., 1996) and rodents (Faure et al., 2005), habit learning is
often found impaired following dopaminergic neuron degenera-
tion. Dopamine has thus been postulated as a main modulator in
the mechanisms subserving habit learning (Ashby et al., 2010).NeDespite this importance, the mechanisms modulating dopamine
during habit learning have yet to be fully investigated. Studies
have shown that habit-learning deficits caused by dopamine
deafferentation could not be rescued by simple intrastriatal
injections of DA agonists (Faure et al., 2010). These observations
suggested that dopamine, the modulator itself, might need to be
regulated during normal habit learning. Anatomically, along with
cholinergic inputs, glutamatergic afferents from brain structures
such as pedunculopontine tegmental nucleus (PPTg), subthala-
mic nucleus (STN), and prefrontal cortex (PFC) provide main
forms of excitatory inputs to the midbrain DA neurons (Grace
et al., 2007). NMDA receptors (NMDARs), members of the iono-
tropic glutamate receptor family, are important regulators of DA
neuron activity. First, synaptic plasticity in the glutamatergic
afferents to DA neurons depends on NMDARs (Bonci and Mal-
enka, 1999; Overton et al., 1999; Ungless et al., 2001). This plas-
ticity can be modulated by experiences, environmental factors,
and psychostimulant drugs (Bonci and Malenka, 1999; Kauer
and Malenka, 2007; Saal et al., 2003). Second, iontophoretic
administration of NMDAR antagonists, but not AMPAR-selective
antagonists, attenuated phasic firing of DA neurons, an activity
linked to reward/incentive salience (Schultz, 1998), without
changing the frequency of tonic firing (Overton and Clark,
1992). Third, in drug addiction studies, NMDARs in DA neurons
are essential for developing nicotine-conditioned place prefer-
ence (Wang et al., 2010) and likely also involved in cocaine-
conditioned place preference (Engblom et al., 2008; Zweifel
et al., 2008). Thus, we postulated that modulation of DA neurons
by NMDARs might be important in engaging DA neurons in the
habit learning. Here, we set out to examine the roles of NMDARs
in DA neurons, by generating DA neuron-specific NR1 knockout
mice and testing them in a variety of habit-learning paradigms
(Devan and White, 1999; Dickinson et al., 1983; Packard et al.,
1989; Packard and McGaugh, 1996). In order to understand
the cellular mechanisms, we also recorded the DA neurons in
these mice using multielectrode in vivo neural-recording tech-
niques (Wang and Tsien, 2011).RESULTS
Production and Basic Characterization of DA
Neuron-Selective NR1 Knockout Mice
These mice, named ‘‘DA-NR1-KO,’’ were produced by crossing
floxed NR1 (fNR1) mice (Tsien et al., 1996) with Slc6a3+/Creuron 72, 1055–1066, December 22, 2011 ª2011 Elsevier Inc. 1055
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Figure 1. Generation and Characterization
of DA-NR1-KO Mice
(A) Breeding scheme for making DA-NR1-KO mice
and for DAT-Cre/rosa-stop-lacZ mice.
(B) PCR genotyping of DA-NR1-KO (Cre, fNR1/
fNR1) mice and their littermates.
(C) Immunofluorescent staining of DAT-Cre/Rosa-
Stop-lacZ mouse brain with lacZ antibody, with
anti-TH antibody and overlay of the two stainings.
(D) Immunofluorescent staining of DA-NR1-KO and
wild-type control brain with anti-NR1 antibody,
anti-TH antibodies and overlay of both stainings.
Arrowheads indicate position of some TH-positive
neurons. TH signals colocalize with NR1 in the
control brain, but not in the DA-NR1-KO brains.
Pictures in the larger boxes are the 3-fold enlarge-
ment of the pictures shown in the respective small
boxes.
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NMDAR Engages DA Neurons in Habit Learningtransgenic mice that express Cre recombinase under DA trans-
porter promoter (Zhuang et al., 2005) (Figures 1A and 1B). The
DA neuron-specific deletion of the NR1 gene was confirmed by
both the reporter gene method (Figure 1C) and immunohisto-
chemistry (Figure 1D), which showed that the gene deletion
was restricted to the dopaminergic neurons in regions such as
the VTA and the substantia nigra. No obvious changes were
observed in the expression pattern of tyrosine hydroxylase
(TH), the catecholamine neuronal marker, suggesting that there
was no obvious loss of dopaminergic neurons (see Figure S1
available online).
DA-NR1-KO mice were born in the expected Mendelian ratios
and visually indistinguishable from the controls. Additionally,
theywere normal in locomotor activities in a novel open field (Fig-
ure 2A), in learning the rotarod tests (Figure 2B), in an anxiety test
using the elevated plus maze (Figure 2C), and in the novel object
recognition tests (Figure 2D). These results showed that many of
the behavioral functions that were sensitive to dopamine
dysfunctions were preserved in the DA-NR1-KO mice.
DA Neurons in the DA-NR1-KO Showed Normal Tonic
Firing, Reduced Phasic Firing, and Reduced Responses
to the Reward-Predicting Cue
In order to investigate the impact of NR1 deletion on the cellular
properties of DA neurons, we recorded the activities of these
neurons in both theDA-NR1-KOmice andwild-type control litter-
mates. Movable bundles of 8 tetrodes (32 channels) were im-
planted into the ventral midbrain, primarily the VTA. The putative
DAneuronswere identified basedon their firingpatterns and their
sensitivity to dopamine receptor agonist apomorphine (1 mg/kg,
i.p.) at the end of each recording session (Figures 3A–3D).
A total of 14 putative DA neurons from 4 mutant mice and 16
from 6 wild-type controls were recorded and analyzed. Phasic-
firing activities or bursting was defined as a spike train beginning
with an interspike interval (ISI) smaller than 80 ms and termi-
nating with an ISI greater than 160 ms. Compared with the
control neurons, phasic-firing activities were greatly reduced in1056 Neuron 72, 1055–1066, December 22, 2011 ª2011 Elsevier Incthe DA-NR1-KO neurons. The observed median frequency of
phasic firing decreased from 0.78 ± 0.09 Hz in the control DA
neurons to 0.36 ± 0.09 Hz in KO DA neurons. (Mann-Whitney U
test, p < 0.01) (Figure 3E). A significant reduction was also
observed in the percentages of spikes fired in phasic activities
(34.7% in the controls versus 21.2% in the DA-NR1-KO;
Mann-Whitney U test, p < 0.01) (Figure 3F). The total firing rate
was also reduced in the mutant DA neurons. This appeared to
be correlated with reduced burst set rate (5.18 ± 0.59Hz, control,
versus 3.85 ± 0.38 Hz, KO; r = 0.7719, Mann-Whitney U test,
p < 0.01) (Figure 3G). No significant difference was observed
in the tonic firing between the mutant and control groups.
(4.42 ± 0.44 Hz in control, versus 3.29 ± 0.36 Hz in KO; Mann-
Whitney U test, p > 0.05) (Figure 3H).
To further evaluate the response of DA neurons in a learning
task, mice were trained 40 trials per day in a Pavlovian-condi-
tioning paradigm inwhich a 5 KHz tone that lasted 1 s proceeded
immediately before the delivery of a food pellet. DA neurons from
both genotypes were able to associate the tone with phasic
firing, but the conditioned responses were much weaker in the
DA-NR1-KO group (Figure 4A). Although DA-NR1-KO neurons
showed increased firing over the days during the training, their
responses were significantly reduced compared with the
controls on day 1 (19.21 ± 3.24 Hz, control, versus 9.74 ±
0.30 Hz, KO; p < 0.01), day 2 (36.33 ± 4.39 Hz, control, versus
16.43 ± 4.01 Hz, KO; p < 0.01), and day 3 (59.38 ± 3.82 Hz,
control, versus 33.88 ± 4.30 Hz, KO; p < 0.01) (Figure 4B). These
data suggested that while NMDAR1 deletion did not completely
prevent DA neurons from developing conditioned responses
(bursting) toward reward-predicting cues, it did, however,
greatly lower the robustness of the bursting response,
a phenomena that we call DA neuron blunting.
Habit Learning, but Not Goal-Directed Learning,
Was Impaired in the Operant Appetitive Conditioning
To assess habit learning, we first tested the mice in a lever-
pressing operant-conditioning task. In this task an instrumental.
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Figure 2. Basic Behavioral Characterization of DA-NR-KO Mice
(A) Locomotor activity tests in a novel environment. Fine movements, ambulatory movements, total movements (total of fine plus ambulatory movements), and
rearing were scored. Post hoc comparisons revealed no differences among the mutant and the three control groups.
(B) Rotarod test. Mice were tested 1 and 24 hr after initial training. All mice performed better (as shown by extended latencies) at 24 hr. Post hoc comparisons
showed no differences among the mutant and control groups at either time points.
(C) Anxiety level tested using elevated plus maze. Percentages of time spent in each arms were calculated. Post hoc comparisons showed no differences among
the genotypes. *p < 0.05, Student’s t test.
(D) Novel object recognition test. At ‘‘24 hour,’’ Time % = time spent exploring novel object/(time spent exploring familiar object + time spent exploring novel
object). At ‘‘Training,’’ Time % = time spent exploring one object/total time spent exploring both objects. All mice spent more time on the novel object at 24th hr
(p < 0.01), with post hoc comparisons revealing no differences among the groups tested. Error bars represent SEM. *p < 0.05, Student’s t test.
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NMDAR Engages DA Neurons in Habit Learningaction, pressing lever to obtain food, can transform from a goal-
directed to a habitual response after extensive training and
become progressively less sensitive to devaluation of outcome
(Dickinson et al., 1983). The decreased sensitivity can thus be
measured as a behavioral readout of habit learning (Figure 5A).
Both mutant and control mice learned to press the lever on an
extensive training protocol consisting of 4 days of continuous
reinforcement (CRF), 2 days of random interval (RI) 30 s, and
6 days of RI 60 s schedules (Dickinson et al., 1983). Mice in
both groups increased lever-press rates during the training
(CRF days 1–4, RI 30 s days 5 and 6, RI 60 s days 7–12) (Fig-
ure 5B). A two-way ANOVA of repeated measures, with days
and genotype as factors, showed no effect of genotype
(F(1, 231) = 0.07), a main effect of days (F(11, 231) = 51.4; p <
0.01), and no interaction between these factors (F(11, 231) =
0.269). This result suggested that the DA-NR1-KO mice have
normal wanting of the pellet reward and exhibited normal goal-
directed learning.
Lever pressing was then tested after the outcome devaluation.
Mice were prefed with either regular mouse chow to which they
had been exposed in their regular home cages (nondevaluedNecondition/control), or purified high-energy pellets that are iden-
tical to the rewards earned during lever-press sessions (deval-
ued condition). Feeding with mouse chow was used as a control
for the overall level of satiety, causing little reduction in the
rewarding value of the purified high-energy pellets. Levers
were inserted in the 5 min long probe test that immediately fol-
lowed the 1 hr unlimited food exposure (pellets or chow). No
pellets were given during the tests. Comparing numbers of lever
press during the tests showed that, while no differences were
found between the mutant and the control mice on nondevalued
condition (p = 0.94) or between the devalued and nondevalued
conditions (p = 0.153) in the control group, there was a significant
difference in the mutant mice between devalued and non-
devalued conditions (p < 0.01). Furthermore, there was also
a significant difference between the mutant and control mice
on devalued condition (p < 0.05). A two-way ANOVA of repeated
measures, with treatment and genotype as factors, showed an
interaction between the two factors (F(1, 21) = 4.98; p < 0.05) (Fig-
ure 5C). These suggested that the conditional knockout mice
failed to develop the lever-pressing habit despite extensive
training, and their action stayed goal directed.uron 72, 1055–1066, December 22, 2011 ª2011 Elsevier Inc. 1057
Figure 3. Burst Firing by DA Neurons Is
Impaired in KO Mice
(A and B) Sample waveform of a DA neuron re-
corded from a control (A) and a KO (B) mouse, and
corresponding ISI histogram (10 ms bins).
(C and D) Cumulative spike activity of an example
of a putative DA neuron from the control (C) and
KO (D) mouse in response to the dopamine
receptor agonist apomorphine (1 mg/kg, i.p.).
(E) Burst set rate by DA neurons from control and
KO mice.
(F) Percent spikes fired in bursts by DA neurons
from control and KO mice.
(G) Correlation between burst set rate and firing
rate.
(H) Frequency of nonbursting spikes. See text for
all the statistics.
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NMDAR Engages DA Neurons in Habit LearningSpatial Navigation Habit, but Not Spatial Memory,
Was Impaired in the Positively Reinforced Plus Maze
Habit learning was then assessed in a navigation-based para-
digm using plus maze place/response-learning tasks (Devan
and White, 1999; Packard, 1999; Packard and McGaugh,
1996). Littermates in genotypes Slc6a3+/Cre; fNR1/+, Slc6a3+/
Cre, and wild-type served as three control groups for the DA-
NR1-KO mice. The maze was built with transparent walls and
placed in a room furnished with spatial cues. The schematic
training and testing schedules are shown in Figure 6A. Naive
animals, always starting from the same location in the maze
(the ‘‘south’’ arm), were trained to find a fixed target site (in the1058 Neuron 72, 1055–1066, December 22, 2011 ª2011 Elsevier Inc.‘‘east’’ arm) (Training I in Figure 6A). In
order to facilitate developing habit-based
navigation, the north and the west arms
were both closed. It has been shown
that under this paradigm, normal mice
would learn to search the target using
spatial reference memory after moderate
training but would switch to habitual
navigation after extensive training (Pack-
ard and McGaugh, 1996). Probe trials,
during which the start location switched
from the ‘‘south’’ arm to the ‘‘north’’
arm, were given at different time points
to allow dissociation of the spatial and
habitual strategies. Thus, mice using the
‘‘habit strategy’’ were predicted to turn
right (into the ‘‘west’’ arm), whereas the
‘‘spatial’’ mice, guided by distal spatial
cues, were predicted to go to the ‘‘east’’
arm, where the target resided during
training.
All mice were trained in ten trials per
day for 5 consecutive days before the first
probe trial on day 6 (Probe 1 in Figure 6A).
During this probe trial the DA-NR1-KO
group and control mice showed similar
preferences (c2 [3, n = 43] = 0.346; p =
0.951) for the ‘‘spatial’’ strategy, optingto turn left toward the ‘‘east’’ arm (Figure 6B), suggesting that
they had similarly acquired the spatial memory and that they
shared comparable motivation. All mice were then trained for
10 additional days before the second probe trial (Probe 2 in
Figure 6A) on day 17. During this probe trial no significant differ-
ences were found among the three control groups (c2 [2, n =
29] = 0.499; p = 0.779). As a group, control mice opted to ‘‘turn
right’’ (and into the ‘‘west’’ arm) significantly more on day 17
than on day 6 (c2 [1, n = 29] = 22.587; p = 0.00000201), indicating
a learned ‘‘habit’’-based searching strategy. In contrast, less
than 10% of the DA-NR1-KO mice (compared with 80% of
control mice) (mutants versus controls: c2 = 7.244; p = 0.007)
AB
Figure 4. Responses of PutativeDopamineNeurons in 3DayReward
Test
(A) Peri-event histograms of an example DA neuron recorded from control and
KOmouse in response to the same conditioned tone (5 kHz, 1 s) that predicted
a sugar pellet delivery in a 3 day session.
(B) Excitation peak firing rate of DA neurons from control (red line, n = 16) and
KO (blue line, n = 14) in response to reward during these 3 days. Error bars
represent SD. **p < 0.01, excitation peak rate in KO versus control DA neurons,
in day 1, 2, and 3.
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Figure 5. Habit andGoal-Directed Learning Test with Operant Appe-
titive Conditioning
(A) Paradigm for the training and test.
(B) Lever-pressing speed during training days. No significant difference was
discovered at any day of the training between the mutant and control groups.
(C) Lever pressing in the 5min extinction test after devaluation of outcome and
nondevaluation of outcome. Mutant mice showed significantly reduced lever
pressing at the devalued condition versus both control mice at devalued
condition and mutants at nondevalued condition. No significant reduction was
detected for the control mice between the devalued and nondevalued
conditions. (See text for all the statistics.) Error bars represent SEM. *p < 0.01,
lever presses by the DA-NR1-KO mice during nondevalued versus devalued
tests; **p < 0.05, lever presses during devalued test by DA-NR1-KO versus by
control.
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NMDAR Engages DA Neurons in Habit Learningopted to turn ‘‘right’’ on day 17 (Figure 6B), suggesting that they
failed to learn the ‘‘habit’’-based strategies and, instead, kept
using the ‘‘spatial’’ strategy.
To confirm that the deficits in the plus maze tasks were
indeed from habit learning, right after the second probe trial,
mice were further challenged in a ‘‘relearn after 90 rotation’’
procedure (Training II, Figure 6A), three trials a day for 2 days
within the exact same maze and surrounding cues. During
the training, both the west and south arms were blocked. The
start box was placed in the ‘‘east’’ arm, and the food rewards
were in the ‘‘north’’ arm. Mice were tested in a rotation test
on day 19, and accuracies to locate the food were scored.
Mice started from the ‘‘east’’ arm with all arms open during
the test (Figure 6A). For ‘‘habit’’ mice who had learned to
‘‘turn right’’ during previous training sessions (days 1–16), this
new learning was simply a retraining, in which the same habit
response (turning ‘‘right’’) would lead them to the new food
location. However, for the ‘‘spatial’’ mice, switching of target
location from the ‘‘east’’ arm to the ‘‘north’’ arm conflictedNewith the previously learned spatial relationship and, thus, was
predicted to inhibit new learning. As in Figure 6C, the mutants
showed significantly less success (turning ‘‘right’’ or into the
‘‘north’’ arm) (c2 [3, n = 42] = 11.667; p = 0.0006), whereas
no difference was found (c2 [3, n = 42] = 0.73; p = 0.694) among
the three control groups. This supported the notion that mutant
mice failed to learn the habit strategy, even after the extensive
training.uron 72, 1055–1066, December 22, 2011 ª2011 Elsevier Inc. 1059
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Figure 6. Habit Learning Analyzed Using Plus
Maze
(A) Training and testing schedule for both food reward-
based and water-based plus maze.
(B and C) Plus maze positively reinforced with food
reward.
(D and E) Plus maze negatively reinforced with water.
(B and D) Probe trials on days 6 and 17. Significant
differences were found between days 17 and 6 in the
control mice. Significant differences were also found on
day 17 between the mutant and control groups.
(C and E) Rotation test after 2 days of ‘‘relearn after 90
rotation’’ training. Significant differences were found
between the mutant and control groups. (See text for all
the statistics.) *p < 0.01, mutant versus the controls on day
17 and day 19; **p < 0.01, day 17 versus day 6 in the
control groups.
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NMDAR Engages DA Neurons in Habit LearningSpatial Navigational Habit Learning, but Not Spatial
Memory, Was Impaired in the Negatively Reinforced
Plus Maze
Because many studies suggested that dopamine is important
for reward pathways, we asked whether habit-learning deficits
seen in the DA-NR1-KO mice hinged on the nature of the rein-
forcement. The aforementioned experiments were replicated in
a water-based plus maze, in which the sole escape from the
water was for mice to locate and climb onto a hidden platform
in the end of one arm. This water-based plus maze behavior
was driven by the desire to escape from the negative environ-
ment and offered an additional opportunity to compare with
habit learning based on positive reinforcement such as the
seeking of a food reward. All parameters such as maze dimen-
sions, cues used, starting and target locations, number of trials
per day, and numbers of days in training remained the same as
those in the previous food-rewarded experiments (Figure 6A).
The first probe trial revealed no significant differences
between any two of the four genotypes (c2 [3, n = 43] = 0.346;1060 Neuron 72, 1055–1066, December 22, 2011 ª2011 Elsevier Inc.p = 0.951). The second probe trial showed that
over 80% of the control mice had adopted the
‘‘habit’’ strategy, whereas the mutant mice re-
mained strongly ‘‘spatial’’ (Figure 6D). No differ-
ences were found among the three control
groups (c2 [2, n = 29] = 0.499; p = 0.779). As
a group, the control mice opted for the ‘‘habit’’
strategy significantly more on day 17 than
on day 6 (c2 [1, n = 29] = 22.587; p =
0.00000201). A significantly lower percentage
of DA-NR1-KO mice opted to ‘‘turn right’’
(7.14% versus 80% in the control mice; c2 [1,
n = 43] = 20.904; p = 0.00000483). The deficits
in habit learning were further confirmed in the
rotation test given after 2 days of the ‘‘relearn
after 90 rotation’’ challenge task (Training II,
Figure 6A). A significantly smaller proportion
of the mutant mice (28.6%) in contrast to 80%
of the controls were able to successfully locate
the new platform position (one-tailed proba-
bility = 0.000388, Fisher’s exact test). These
data thus agreed with the findings from theabove food-rewarded tasks suggesting that the learning deficits
were unlikely contingent on the types of reinforcement employed
in the training process.
Due to the significant involvement of spatial learning in the plus
maze task, mice were tested in a spatial version of the plus maze
(Figure 7A). They were trained six trials per day for 6 days to find
a hidden platform in the water-filled plus maze. With all four arms
open, starting points switched between trials in each day
rotating among the distal ends of three arms that did not contain
the platform, following a semi-random order. The platform loca-
tion remained fixed throughout. A probe test was given on day
10, 3 days after the training session ended. During the test,
with the platform removed, mice were released to the center of
the maze and allowed to search for 60 s. Durations spent by
each mouse in each arm were recorded (Figure 7B). Mice from
all four groups spent significantly more time searching in the
target arm (mutants, F(3,32) = 101.292, p < 0.001; Cre, fNR1/+,
F(3,28) = 134.996, p < 0.001; Cre, F(3,36) = 147.806, p < 0.001;
wild-type, F(3, 36) = 294.358, p < 0.001; Newman-Keuls post
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Figure 7. Spatial Memory Test Using Plus Maze
(A) Training and testing paradigms.
(B) Probe trial test. All mice spent more time searching in the target arm. No difference was detected between themutant and control groups. *p < 0.01, time spent
in the target arm versus in the other three arms. Error bars represent SEM. (See text for all the statistics.)
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NMDAR Engages DA Neurons in Habit Learninghoc comparison [the target arm compared to all the other arms],
p < 0.01 for all genotypes). No differences were found between
the mutant and any control groups, suggesting that spatial
learning abilities were unlikely a factor causing the habit-learning
deficits observed in the DA-NR1-KO mice.
Habit Learning in a Nonspatial ZigzagMaze-Based Habit
Task Was Impaired
Instead of compromising habit learning per se, DA-specific NR1
deletion could have skewed the competition between ‘‘spatial’’
and ‘‘habit’’ memory systems in the plus maze task. In order to
investigate this possibility, we designed a nonspatial ‘‘zigzag
maze’’ task as a more direct measurement of habit learning. As
shown in Figure 8A, the water-filled zigzag maze consisted of
eight arms similar in length. Mice were trained to escape onto
a hidden platform. Six different starting points were chosen,
each pairedwith its own location of the hidden platform. The plat-
form locations were chosen so that they would be reached after
two consecutive right turns from the start point. All mice were
trained 12 trials per day for 10 days. To facilitate developing
the turning habits, some arms were blocked (red lines) so that
mice were only allowed the correct turn at each intersection. A
probe test was given on day 11 in which mice were placed at
a random start location. Some arms in the maze remained
blocked (red lines), but unlike in training, mice were allowed to
choose between turning ‘‘left’’ or ‘‘right’’ at two intersections
(Figure 8A). Mice were scored for whether they finished the two
consecutive right turns (counted as ‘‘successful’’). No differ-
ences were found among the three control genotypes (all
between 90% and 100%, c2 [2, n = 29] = 1.968; p = 0.374) (Fig-
ure 8B), and they were pooled. The conditional knockout mice
showed a significantly lower successful rate in making the two
consecutive right turns (one-tailed probability = 0.000196,
Fisher’s exact test), again suggesting that the DA-NR1-KO
mice are defective in developing the navigation habit.
DISCUSSION
Here, we studied mutant mice with DA neuron-selective NR1
deletion using a set of behavioral tasks as well as in vivo neural-Nerecording techniques. Behavioral analysis revealed that the DA-
NR1-KO mice were impaired in several forms of habit learning.
In an operant task where both the mutant and control mice
learned a goal-directed action in the initial training, extensive
training shifted, but only in the control mice, the learned action
from goal directed to habitual. In the mutant mice, this action
remained goal directed and, thus, sensitive to reward devalua-
tion. Similarly, in plus maze tasks, whereas both mutants and
the controls learned to navigate based on spatial cues in initial
training, extensive training shifted navigation from spatial into
habitual alsoonly in the controls,while themutants’ navigation re-
mained spatially oriented. Such deficits in habit learning were
observed in both positively reinforced and negatively reinforced
tasks. This is consistent with our recent recordings showing
that DA neurons employ a convergent encoding strategy for
processing both positive and negative values (Wang and Tsien,
2011). One notable finding of those in vivo recording experiments
was that some DA neurons exhibit a stimulus-suppression-then-
rebound-excitation type firing pattern in response to negative
experiences (Wang and Tsien, 2011). This offset-rebound excita-
tion may encode information reflecting not only a relief at the
termination of such fearful events but, perhaps, provide some
sort of motivational signals (e.g., motivation to escape).
Therefore, our data strongly suggested that NMDAR functions
in DA neuron be essential for habit learning. A previous study by
Zweifel et al. (2009) reported that the DA neuronal-selective NR1
KO mice were impaired in learning a water maze task and also
impaired in learning a conditioned response in an appetitive T
maze task, seemingly in disagreement with our results of normal
spatial learning and goal-directed learning. The experimental
conditions used in their studies were, however, quite different
from those in ours. The water maze deficit was transient and
detectable only during the very early part (day 2 in a 5 day
session) of their training sessions. The T maze was a goal-
directed paradigm that likely also involved mice learning context
association between landmarks and rewards. Additionally, the
action-reward contingency was also different than that in the
operant paradigm that we used. It is very likely that factors
such as task difficulties, amount of training, cue saliencies,
temporal and spatial contingencies between the CS, and theuron 72, 1055–1066, December 22, 2011 ª2011 Elsevier Inc. 1061
A 
B 
Figure 8. Habit-Learning Test Using Zigzag Maze
(A) Training and testing paradigms. Red lines indicate
blocked entrances, arrows starting points, and black
circles target locations.
(B) Turning test. Mutant mice showed a significantly
reduced rate of success versus the controls. *p < 0.001,
mutant versus control groups. (See text for all the statis-
tics.)
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NMDAR Engages DA Neurons in Habit Learningrewards can affect the type and amount of involvement by DA
neurons. Using in vivo neural recordings, we observed that
although the response to cue-reward association is much atten-
uated in DA-NR1-KO neurons in term of both response peak
amplitude and duration, these DA neurons, nonetheless, still
could form the cue-reward association. Interaction between
the blunted responsiveness of DA and test conditions may leave
some goal-directed learning impaired by the NR1 deletion,
whereas spare some others. A good example is that in a report
published later by the same group, the authors reported that
the NR1 KO mice were normal in a goal-directed learning para-
digm (Parker et al., 2010). In our study the test conditions and
amount of trainings we used allowed the controls as well as1062 Neuron 72, 1055–1066, December 22, 2011 ª2011 Elsevier Inc.the mutants to learn goal-directed and spatial
learning normally and indistinguishably. After
extensive training under these conditions, the
mutant mice could not develop the habit
learning, whereas the controls clearly did.
Dopamine is an important modulator for the
habit learning (Wickens et al., 2007; Yin and
Knowlton, 2006). Most of the current under-
standing of its involvement in the habit learning
has so far centered on the downstream path-
ways and structures such as the dorsal striatum
andmore recently the PFC (Wickens et al., 2007;
Yin and Knowlton, 2006). Our finding here high-
lighted the importance of glutamatergicmodula-
tions of the DA neuron circuitry itself, in this case
mediated by NMDARs, and suggested that this
upstream pathway should be considered an
integral part of the habit-learning networks.
With perception of the environmental stimuli
likely carried out by glutamatergic signals, it is
conceivable that NMDARs in dopaminergic
neurons participate in the controlling and fine-
tuning of dopaminergic neuron activity patterns
during habit formation. An important part of
this regulation is perhaps to create the cue-rein-
forcement association at an appropriate level in
terms of response robustness and overall DA
neuron network patterns so that DA neurons
would respond accordingly to procedures and
cues with higher incentive salience. NMDARs
are required in mediating synaptic plasticity in
glutamatergic synapses onto DA neurons (Bonci
and Malenka, 1999). Our results showed that
modulation by NMDARs facilitates bursting of
DA neurons toward the learned reward-predict-ing cues. It is conceivable that the function of NMDARs in regu-
lating phasic firing may be closely linked to its roles in regulating
synaptic plasticity. In fact, studies have shown that enhanced
synaptic strength onto dopamine neurons may act to facilitate
their phasic firing (Stuber et al., 2008).
The blunting of the phasic firing of DA neuron in the mutant
mice can contribute or even result in the habit-learning deficits.
There are several brain regions involved in habit learning that
can be affected by this blunting. The most intuitive one is the
striatum. Dopamine signaling has been postulated as the mech-
anism that trains the striatum, which in turn trains the cortex to
establish the appropriate sensorimotor associations required
for developing habits (Ashby et al., 2010; Wickens et al., 2007).
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synapses, facilitating induction of LTP in conditions that would
otherwise induce LTD. This facilitation requires dopamine D1
receptor (Calabresi et al., 2000). The low affinity of D1 receptors
toward dopamine coupled with the fast dopamine reuptake
(Cragg et al., 1997) in the striatum likely makes the dopamine
modulation sensitive to the blunting of phasic release. From
a network point of view, it has been reported that dopamine
can cause changes in the coordinated activity of neuronal
ensembles in corticostriatal circuits and by doing so ‘‘gate’’ the
inputs in those downstream regions (Costa et al., 2006). Thus,
when dopamine level is low, such as when bursting activities
are insufficient, it fails to produce and reinforce these networks’
connectivity underlying habit formation. Other than the striatum,
reduced bursting of DA neurons may also affect activities of
structures such as the PFC of which lesion of the medial infralim-
bic area was reported to impair expression of a learned habit
(Coutureau and Killcross, 2003). Studies have shown that tonic
dopamine concentration in the prefrontal area, likely due to the
relatively slower dopamine reuptake (Seamans and Yang,
2004), may be affected by previous phasic dopamine release
(Matsuda et al., 2006). The presence of background dopamine
signal converts LTD to potentiation. This ‘‘priming’’ requires
time to develop and requires D1 and D2 receptors, both of which
have low affinity to dopamine. It is very likely that this phasic
release-induced ‘‘priming’’ could also be affected by the amount
of DA neurons bursting, thus, by blunting of DA response. It will
be of great interest to dissect the various roles of those different
brain regions in habit formation in future studies.
It is also important for future research to further analyze the
contributions of NMDARs within different dopamine subpopula-
tions, and temporally within different phases of habit learning.
The potential subregional circuitry within the DA neuron popula-
tions in the VTA and SNr regions can be highly crucial for inte-
grating distinct cortical and subcortical inputs (Grace et al.,
2007; Lammel et al., 2011; Lisman and Grace, 2005). Thus, it is
conceivable that additional subregional-specific manipulations
and analyses could further elucidate how the glutamatergic
regulation of DA neurons, as revealed by our current study,
modulates habit formation.
In summary our study has provided several important insights
about NMDAR in DA neurons and habit learning. First, NMDARs
inDAneuronsare required for learninghabits, includingappetitive
lever pressing and spatial navigational habits. Second, the
dependence of habit learning on NMDARs in DA neurons was
observed in both positively and negatively reinforced trainings.
Third, DA neurons lacking the NMDARs can still form the cue-
reward association but with greatly reduced phasic activity as
well as conditioned response robustness. Taken together, our
results suggest that the NMDARs in DA neurons are an important
modulator of DA neurons’ response robustness in cue-reward
associationandanessential element underpinninghabit learning.EXPERIMENTAL PROCEDURES
Subjects
Mice carrying alleles of NMDAR1 flanked by loxP sites (fNR1) were bred with
Slc63a Cre transgenic mice. Offspring were genotyped by PCR for both theNeCre transgene and for the floxed NMDAR1 (fNR1) locus. Mice used in these
experiments have been bred for at least five generations onto the C57/BL6
background. Animals were maintained on a 12 hr light/dark cycle in the Geor-
gia Health Sciences University animal care facility. Except for when specified
in experiment, such as when food pellets were used as rewards, food and
water were given ad libitum. All procedures relating to animal care and treat-
ment conform to the Institutional and NIH guidelines. For behavioral tests in
the study, we used male mice around 1 year old in age. These animals have
been prescreened to make sure that they have normal vision and hearing
capacity.
Immunohistochemistry
Mice were perfused transcardially with 4% paraformaldehyde (PFA) in
13 PBS followed by a postfixation in 4% PFA overnight. Coronal sections
(50 mm thick) were cut on a vibratome and collected in 0.5% PFA in
13 PBS and stored at 4C before use. For double-immunofluorescent staining
of b-galactosidase and TH, sections were incubated at 4C overnight with
gentle shaking in primary antibody (anti-b-galactosidase [pAb] 1/5,000, Invi-
trogen; anti-TH [monoclonal antibody] 1/1,000) in a buffer containing 0.05%
Tween 20, 10% normal goat serum, and 13 PBS following preincubation in
10% normal goat serum and 13 PBS at room temperature for 2 hr. The
sections were then incubated with Alexa-conjugated secondary antibodies
(1/200; Invitrogen) at room temperature for 2 hr. b-Galactosidase IR was
visualized by Alexa 568 and TH IR by Alexa 488. A similar procedure was
employed to double stain NMDAR1 and TH except that anti-NR1 (polyclonal
antibody 1:100; Chemicon, Temecula, CA, USA) was used as the primary anti-
body for NMDAR1. The sections were incubated with Alexa-conjugated
secondary antibodies (1/200; Invitrogen) at room temperature for 2 hr.
NMDAR1 was visualized by Alexa 488 and TH IR by Alexa 594. Fluorescent
images were captured with a confocal laser-scanning microscope and an
epifluorescence microscope.
Elevated Plus Maze
This apparatus consists of a center platform (5 3 5 cm) 37 cm off the ground
with four branching arms (30 cm long and 5 cmwide). Two of the four arms are
open, and the other two arms are enclosed by black walls (20 cm high). Testing
was performed during light phase in a dimly lit room (50 lux). Animals were
placed on the center platform and scored for arm entries and time spent in
each arm. Percentages of time animals spent in the open armswere calculated
as the final readout of anxiety. Unpaired t tests were used to compare the
significance between the different genotypes.
Rotarod
RotaRod analysis was performed using the mouse version of ROTA-ROD
manufactured by San Diego Instruments (San Diego, CA, USA). Mice were
trained by allowing them to run on a rotarod rotating at 30 rpm for a total
time span of 5 min. (Time counting was stopped when mice dropped until
they were put back onto the rotarod again.) During the tests mice were again
placed on top of the rotarod, which rotated at 30 rpm. Durations of eachmouse
that stayed on the rotarod (latency to fall) were recorded. Any mice remaining
on the apparatus 300 s after the starts were removed, and the time was scored
as 300 s. Unpaired t tests were used to compare the significance between the
latencies in different genotypes.
Open-Field Activity Test
Locomotor activity was measured by scoring beam breaks in activity cham-
bers (San Diego Instruments). Prior to open-field tests, animals were handled
for 2 consecutive days. Standard rat cages were used as the novel open field
for the mice tested. Locomotor activities were recorded for 1 hr and scored for
both 5 min and 1 hr. Unpaired t tests were used to compare the significance in
fine movements, ambulatory movements, and rearing between the different
genotypes.
Instrumental Training
Mice were placed on a food-deprivation schedule to reduce their weight to
80%–85% of their baseline weight. They were fed for 2 hr with mouse chowuron 72, 1055–1066, December 22, 2011 ª2011 Elsevier Inc. 1063
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the home cages.
Training and testing took place in eight Med Associates operant chambers
(21.6 cm length 3 17.8 cm width 3 12.7 cm height) housed in boxes with
sound-attenuating walls. Each chamber was equipped with a food magazine,
two retractable levers, one on each side of themagazine, and a 3W, 24V house
light mounted on the same wall, but above the foodmagazine. Bio-Serv 20 mg
pellets from a dispenser into the magazine were used as reward. The software
Med-PC-IV from Med Associates was used for equipment control and
behavior recording.
Lever-Press Training
At the beginning of each session, the house light was turned on and the
lever inserted. At the end of each session, the light was turned off and
the lever retracted. Mice were trained in an initial lever-press training con-
sisting of 4 consecutive days of CRF, during which the mice received
a pellet for each lever press. A session would end after 60 min or after
the mouse had collected 30 rewards, whichever came first. After CRF,
mice were trained with RI schedules to generate habitual lever pressing
(Dickinson et al., 1983). The training started with 2 days on RI 30 s, with
a 0.1 probability of reward availability every 3 s contingent on lever press,
and followed by 6 days on the 60 s interval schedule, with a 0.1 probability
of reward availability every 6 s contingent on lever pressing. Repeated-
measures ANOVA was used to compare lever press between the different
genotypes.
Devaluation Tests
A specific satiety procedure was used for outcome devaluation. Mice were
given unlimited access within a fixed duration to either the mouse chow to
which they had been exposed in their home cages (nondevalued condition/
control), or the purified pellets they normally earned during lever-press
sessions (devalued condition). The mouse chow served as a control for overall
level of satiety. This procedure controls the overall level of satiety and motiva-
tional state, while altering the current value of a specific reward. Immediately
after 1 hr of unlimited exposure to the pellets or chow, the mice were subjected
to a 5 min long probe test. During the probe test the lever was inserted, but no
pellet would be delivered in response to lever pressing. This brief extinction
test was designed to test whether the acquired lever pressing of the mice
was controlled by the action-outcome instrumental contingency or habit
(e.g., in response to a antecedent stimuli). On the second day of outcome
devaluation, the same procedure was used, except that those animals that
received mouse chow on day 1 received pellets on day 2, and vice versa.
When grouping, mice were counterbalanced between genotypes and
treatment. Repeated-measures ANOVA and unpaired Student’s t test were
used to compare lever press between the different genotypes as specified in
the text.
Plus Maze
The maze consisted of four armsmeasuring 35 cm long, 6 cmwide, and 35 cm
deep, with transparent high walls made of clear Plexiglas. For training posi-
tively reinforced with food pellets (20 mg per pellet), animals were maintained
at 80%–75% of their free-feeding weight throughout the experiment. For
training negatively reinforced with water, water was stained opaque and white
with titanium dioxide. A hidden platform was placed 1 inch under the water
surface. The training and testing were as described in the text. For plus
maze assays, littermates in Slc6a3+/Cre, fNR1/+ (control), Slc6a3+/Cre (Cre
control), and wild-type genotypes were chosen as three control groups.
Turning of mice in different tests was compared using chi-square tests, as
specified in the text, to evaluate the performance of mice from different geno-
types. Additionally, repeated-measures ANOVA and unpaired Student’s t test,
as specified in the text, were used to compare time spent in different arms
among mice from the different genotypes.
Zigzag Maze
The shape of the zigzag maze is illustrated in Figure 8A. Each arm measures
about 30 cm long, 6 cm wide, and 35 cm deep. The maze was filled with water
that was stained opaque and white with titanium dioxide. A hidden platform1064 Neuron 72, 1055–1066, December 22, 2011 ª2011 Elsevier Incwas placed at a designed location 1 inch under the water surface. Training
and tests were done as described in the text. The chi-square test and Fisher’s
exact test were used to compare the performance of mice from different
genotypes.
Surgeries
A 32-channel (a bundle of 8 tetrodes), ultralight (weight <1 g), movable
(screw-driven) electrode array was constructed similar to that described
previously (Lin et al., 2006; Wang and Tsien, 2011). Each tetrode consisted
of four 13 mm diameter Fe-Ni-Cr wires (Stablohm 675, California Fine Wire;
with impedances of typically 2–4 MU for each wire) or 17 mm diameter Plat-
inum wires (90% Platinum 10% Iridium, California Fine Wire; with imped-
ances of typically 1–2 MU for each wire). One week before surgery, mice
(3–6 months old) were removed from the standard cage and housed in
customized home cages (40 3 20 3 25 cm). On the day of surgery, mice
were anesthetized with ketamine/xylazine (80/12 mg/kg, i.p.); the electrode
array was then implanted toward the VTA in the right hemisphere (3.4 mm
posterior to bregma, 0.5 mm lateral and 3.8–4.0 mm ventral to the brain
surface) and secured with dental cement.
Tetrode Recording and Unit Isolation
Two or three days after surgery, electrodes were screened daily for neural
activity. If no dopamine neurons were detected, the electrode array was
advanced 40–100 mm daily, until we could record from a putative dopamine
neuron. Multichannel extracellular recording was similar to that described
previously (Lin et al., 2006; Wang and Tsien, 2011). In brief, spikes (filtered
at 250–8000 Hz; digitized at 40 kHz) were recorded during the whole experi-
mental process using the Plexon Multichannel Acquisition Processor System.
Mice behaviors were simultaneously recorded using the Plexon CinePlex
tracking system. Recorded spikes were isolated using the Plexon Offline
Sorter software: multiple spike sorting parameters (e.g., principle component
analysis, energy analysis) were used for the best isolation of the tetrode-re-
corded spike waveforms. Combining the stability of multi-tetrode recording
and multiple unit-isolation techniques available in Offline Sorter (e.g., principle
component analysis, energy analysis), individual VTA neurons can be studied
in great detail, in many cases for days.
Reward Conditioning of DA Neurons
Mice were slightly food restricted before reward association training. In
reward conditioning, mice were placed in the reward chamber (45 cm in
diameter, 40 cm in height). Mice were trained to a tone (5 kHz, 1 s) with
subsequent sugar pellet delivery for at least 3 days (40 trials per day;
with an interval of 1–2 min between trials). The tone was generated by the
A12-33 audio signal generator (5 ms shaped rise and fall; about 80 dB at
the center of the chamber) (Coulbourn Instruments). A sugar pellet (14 mg)
was delivered by a food dispenser (ENV-203-14P; Med. Associates) and
dropped into one of two receptacles (12 3 7 3 3 cm) at the termination of
the tone (the other receptacle was used as control, where a sugar pellet
was never received).
Analysis of In Vivo Recording Data
Sorted neural spikes were processed and analyzed in NeuroExplorer (Nex
Technologies) and MATLAB. Dopamine neurons were classified based on
the following three criteria.
(1) Low baseline firing rate (0.5–10 Hz).
(2) Relatively long ISI (all the classified putative dopamine neurons arewith
ISIs >4 ms within aR99.8% confidence level). The shortest ISI we re-
corded was 4.1 ms under any conditions in our experiment (only well-
isolated units with amplitudeR0.4mV were used for calculation of the
shortest ISI). The averaged shortest ISI was 6.8 ± 2.2 ms (mean ± SD;
n = 36). In contrast the ISI for nondopamine neurons can be as short as
1.1 ms.
(3) Regular firing pattern when mice were freely behaving (fluctuation
<3 Hz). Here, fluctuation represents the SD of the firing rate histogram
bar values (bin = 1 s; recorded for at least 600 s)..
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